In a previous report, we identified a novel molecule, SHATI/NAT8L, having an inhibitory effect on methamphetamine (METH)-induced hyperlocomotion, sensitization, and conditioned place preference (CPP). SHATI/NAT8L attenuates the METH-induced increase in dopamine overflow in the nucleus accumbens (NAc) by promoting plasmalemmal and vesicular dopamine uptake. However, the biological functions of the protein remain unclear. In this study, we explored NAT8L-binding proteins using pull-down assays and identified a number of components of the adaptor protein (AP)-2 complex, which is a multimeric protein localized to the plasma membrane that functions to internalize cargo during clathrin-mediated endocytosis. To investigate whether NAT8L regulates the receptor localization to the cell surface, cell-surface dopamine D1 receptor in the NAc of Nat8l knockout (KO) mice was quantified. We found that dopamine D1 receptor on the cell surface was increased in the NAc of Nat8l KO mice compared with the wild type (WT) animals. Consistent with this finding, Nat8l KO mice showed higher basal locomotor activity and heightened sensitivity to D1 agonist compared with WT mice. In addition, METH-induced sensitization and CPP were enhanced in Nat8l KO mice. These results suggest that NAT8L might regulate the localization of cell-surface dopamine D1 receptor, thereby controlling basal behaviour and sensitivity to METH. Furthermore, we observed a single nucleotide polymorphism (SNP) in the human NAT8L gene related to reward dependence, a personality trait, and grey matter volume in the caudate nucleus in healthy subjects, suggesting that NAT8L might also affect human personality.
Introduction
Drug abuse and dependence are major global social problems. Drug dependence is the loss of control over drug use and the compulsive seeking and taking of drugs despite adverse consequences. Psychoactive drugs activate the dopaminergic pathway excessively and increase dopamine release, especially in the nucleus accumbens (NAc) (Hyman et al., 2006; Lüscher and Malenka, 2011) . Methamphetamine (METH), for example, increases extracellular dopamine levels by facilitating the release of dopamine from presynaptic nerve terminals and inhibiting reuptake via the dopamine transporter (Seiden et al., 1993; Giros et al., 1996) . Although numerous studies have investigated the molecular mechanisms underlying drug dependence, we have not arrived at a definitive understanding of the neuronal circuits and signalling cascades involved.
To identify key molecules underlying drug dependence, we previously examined differentially expressed genes, using the PCR-based cDNA subtraction method, in the NAc of mice administered with METH for 6 d. One novel gene, Shati, now also recognized as Nat8l, was found to be increased markedly by METH (Niwa et al., 2007) . To investigate the role of NAT8L, mice were perfused with Nat8l antisense oligonucleotide (Nat8l-AS) into the brain to suppress NAT8L expression. Nat8l-AS mice showed an enhanced acute METH response, METH-induced behavioural sensitization and conditioned place preference (CPP). Blockage of Nat8l mRNA by Nat8l-AS also potentiated the METH-induced increase of dopamine overflow in the NAc and the METH-induced decrease in synaptosomal and vesicular dopamine uptake in the midbrain. Furthermore, we demonstrated that the effect of NAT8L on dopamine uptake was mediated via induction of TNF-α (Niwa et al., 2008) . These observations suggest that NAT8L inhibits METH-induced hyperlocomotion, sensitization, and CPP by promoting plasmalemmal and vesicular dopamine uptake, thereby attenuating the METH-induced increase in overflow of dopamine in the NAc. However, despite these findings, the biochemical functions of NAT8L remain unclear.
Dopamine plays various roles, not only in pathological conditions, but also in the normal brain. For example, dopamine plays important roles in reward and punishment, voluntary movement, motivation, sleep, mood, cognition, working memory, learning and personality (Schultz, 2007) . Reward dependence (RD), a personality trait, is thought to reflect a bias in the maintenance of on-going behaviour (Cloninger, 1986) . Although RD is thought to be correlated with low basal noradrenergic activity, it is linked to the mesolimbic dopamine pathway, which controls reward. Considering the effect of NAT8L on dopamine signalling, personality traits such as RD might be also regulated by NAT8L.
In the present study, we report a novel function of NAT8L: that it promotes the localization of D1 receptor to the cell surface probably via an association with the adaptor protein (AP)-2 complex, thereby inhibiting METH dependence. Furthermore, we demonstrate that a single nucleotide polymorphism (SNP) in the NAT8L gene is associated with RD and caudate nucleus grey matter volume in humans.
Subjects and method

Animals
We have previously reported the generation of Shati/Nat8l-KO mice and have shown some behavioural deficits in these adult mice (Furukawa-Hibi et al., 2012).
Experimental procedures were approved by the Animal Experiment Committee of Meijo University ). Procedures involving animals and their care were conducted in conformity with international guidelines (Institute of Laboratory Animal Resources, 1996) .
Constructs
For the glutathione S-transferase (GST) pull-down assay, a GST-His construct was made by the insertion of a histidine repeat sequence into pGEX-4T-2 (GE Healthcare). Mouse Nat8l cDNA was cloned by cDNA library constructed from adult brain, and inserted into the pGEX-His vector (GST-NAT8L-His). Nat8l cDNA, following a FLAG sequence (FLAG-NAT8L), was inserted into pcDNA3.1 (+) (Life Technologies).
GST pull-down assay and MASS spectrometry GST-His and GST-NAT8L-His constructs were expressed as proteins and purified. Whole brain was removed from mice, homogenized, centrifuged and the supernatant was pre-cleared with glutathione sepharose beads. The cleared supernatant was incubated with beads that had been incubated with GST-His or GST-NAT8L-His and centrifuged. The pellet was washed, boiled, separated on 12.5% polyacrylamide gel and stained with silver nitrate. The bands were excised from the gel, decolorized and minced. The proteins were reduced, trypsinized, eluted from the gel and submitted to mass spectrometry.
Immunoprecipitation and immunocytochemistry
For immunoprecipitation, COS7 cells were transfected with the FLAG-NAT8L construct and cultured for 48 h. The cell lysate was incubated with either anti-FLAG M2 (1:1000; Sigma), anti-AP2α (1:1000; Abcam), or anti-AP2β (1:1000; BD Transduction Laboratories), together with Protein G beads (GE Healthcare) at 4°C for 3 h, followed by western blotting.
For immunocytochemical analysis, the transfected COS7 cells were fixed 48 h after transfection, and incubated with a primary antibody, such as anti-FLAG M2 (1:1000; Sigma), anti-AP2α (1:1000; Abcam) overnight at 4°C. After incubation with the Alexa 488-or Alexa 546-labeled secondary antibody (Molecular Probes), the cell images were acquired on a Zeiss LSM510 Meta laser scanning confocal microscope (Carl Zeiss).
Quantification of receptor level on cell surface
Nat8l KO and WT mice were decapitated at 8 wk. The brains were isolated and cut into 400-μm-thick sections. The sections were incubated in biotinylation solution [1 mg/ml EZ-Link Sulfo-NHS-Biotin (Pierce) in ACSF] for 30 min on ice to label proteins on the cell surface with biotin and then incubated in stop solution (100 mM Glycine in ACSF) for 10 min on ice. The NAc was isolated from the slices and fractured in RIPA buffer. After centrifugation, the resulting supernatant was collected and incubated with High Capacity NeutrAvidin Agarose Resin (Pierce) at 4°C for 2 h, followed by heating at 55°C for 10 min with sample buffer for SDS-PAGE. For western blotting, anti-D1 receptor (Chemicon) and anti-D2 receptor (Millipore) antibodies were used as primary antibodies.
Locomotor activity test
Naïve mice were used in all of the locomotor activity tests. Locomotor activity was measured using an infrared detector (Scanet SV-10; Melquest Co. Ltd, Japan), and determined as described previously (Niwa et al., 2007) . For measurement of basal locomotor activity, mice were habituated for 1 h in the box, and after 24 h, locomotor activity was measured over a period of 1 h without any treatment. For measurement of sensitivity to the D1 agonist, mice were habituated for 1 h in the box, and 24 h later, locomotor activity was measured over a period of 1 h after treatment with SKF81927 at a dose of 0.5 mg/kg s.c. For measurement of methamphetamine (METH)-induced sensitization, mice were habituated for 2 h in the box for 2 d and then administered METH (0.3 mg/kg, s.c.) or saline (SAL) once a day for 5 d and then challenged with METH (0.3 mg/kg, s.c) on day ten. Locomotor activity was measured over a period of 2 h immediately after the METH or saline administration on day 1, 3, 5 and 10.
Conditioned place preference test
Conditioned place preference test was carried out as described previously (Niwa et al., 2007) . Naïve mice were habituated to an apparatus for three days (days 1 to 3), and on the third day we measured the time that the mouse spent in black and transparent boxes as the pre-conditioned test. Conditioning was performed over six consecutive days (days 4 to 9). Then, on the tenth day, we measured the time that the mouse spent in the black and transparent boxes again as the postconditioned test. Place conditioning behaviour was expressed as a CPP value, which was calculated as: [(post-value) − (pre-value)], where post-and pre-value represent the differences calculated by the time spent in the saline conditioning site from that in the METH conditioning site in the post-conditioning test on the tenth day and pre-conditioning tests on the third day, respectively.
HPLC
The quantification of N-acetyl aspartate (NAA) in brain was carried out using HPLC after pre-column derivatization with 4-N,N-dimethylaminosulfonyl-7-N-(2-aminoethyl)amino-2,1,3-benzoxadiazole (DBD-ED), as described previously (Song et al., 2012) . See the supplementary information.
Subjects
Subjects used to examine the effect of genotype on reward dependence (RD), a personality trait, included 294 unrelated healthy subjects [45.2% males (133 males/ 161 females), with a mean age of 36.6 ± 11.7 yr (S.D.)]. Subjects used to examine the effect of genotype on the volume of the caudate nucleus, which is related to reward processing (Hikosaka et al., 2006; Wunderlich et al., 2012) , included 265 unrelated healthy subjects [45.3% males (120 males/145 females), mean age of 36.7 ± 11.6 yr (S.D.)]. All subjects were biologically unrelated and of Japanese ethnicity and were recruited at Osaka University. Subjects were excluded from this analysis if they had neurological or medical conditions that could potentially affect the central nervous system, such as atypical headaches, head trauma with loss of consciousness, chronic lung disease, kidney disease, chronic liver disease, thyroid disease, active cancer, cerebrovascular disease, epilepsy or seizures. The subjects were recruited through local advertisements. Psychiatrically, medically and neurologically healthy subjects were evaluated using a structured interview based on criteria in the fourth edition of the Diagnostic and Statistical Manual of Mental Disorders (DSM-IV) Non-Patient to exclude individuals who had current or past contact with psychiatric services. Written informed consent was obtained for all subjects after the procedures had been fully explained. This study was carried out in accordance with the World Medical Association's Declaration of Helsinki and approved by the Osaka University Research Ethics Committee (Approval No. 348).
Measurement of reward dependence (RD)
RD, which is a temperament trait, was assessed using the Japanese version of the Temperament and Character Inventory (TCI). The TCI is a 240-item self-report questionnaire with a 'yes/no' response format (Cloninger et al., 1993) . The RD score is derived by summing the scores of 24 related items among the 240 items in the questionnaire. RD has a moderate genetic component with an estimated heritability of approximately 35-40% (Gillespie et al., 2003; Ando et al., 2004) .
SNP selection and genotyping
This study was designed to examine the effect of the NAT8L gene on the RD personality trait and on grey matter volume in the caudate nucleus by selectively tagging SNPs in the NAT8L gene (6 kb) and flanking regions (±0.5 kb) located on chromosome 4p16.3. We selected only one tagging SNP using the TAGGER algorithm (Paul de Bakker; http://www.broad.mit.edu/mpg/tagger) with a criterion of r 2 greater than 0.8 in 'pair-wise tagging Fig. 4a ); orientation and allele are reported on the genomic plus strand. Venous blood was collected from the subjects and genomic DNA was extracted from whole blood according to standard procedures. The SNP was genotyped using the TaqMan 5′-exonuclease allelic discrimination assay (Assay ID, C__11289544_20; Applied Biosystems, USA) as previously described (Hashimoto et al., 2006 (Hashimoto et al., , 2007 . Detailed information on the PCR conditions is available upon request.
Magnetic resonance imaging procedure
Magnetic resonance imaging (MRI) was performed using a 1.5T GE Sigma EXCITE system. MR images were processed using optimized voxel-based morphometry (VBM). The normalized segmented images were modulated by multiplication with Jacobian determinants of the spatial normalization function to encode the deformation field for each subject, as tissue volume changes in normal space. Finally, images were smoothed with a 12-mm full-width, half-maximum isotropic Gaussian kernel.
Statistical analysis
All data were expressed as means±S.E. Statistical differences between two groups were determined with Student's t-test. Statistical differences among more than three groups were determined using a one-way ANOVA, and two-way ANOVA with repeated measures, followed by Bonferroni's multiple comparison test. A p-value <0.05 was regarded as statistically significant. In human studies, differences in clinical characteristics between genotypes were analysed using χ 2 tests for sex Table 1 . The alphabetical proteins that were excised from the gel for mass spectrometry are identified in Table 1 . (c) Samples obtained by GST pull-down assay were immunostained by AP-2α antibody. (d) FLAG-NAT8L proteins were expressed in COS-7 cells and immunoprecipitated using FLAG antibody. The association between NAT8L and the AP-2 complex was confirmed using AP-2α and β antibodies. (e) Localization of FLAG-NAT8L proteins in COS-7 was observed. Lower images showed magnification of the square area in the upper image. Arrowhead indicates colocalization with the AP-2 complex in vesicle-like structures. (f) Localization of FLAG-NAT8L proteins and ER-marker proteins PDI was observed in COS-7. Bar = 20 μm. and the Mann-Whitney U-test for age using PASW Statistics 18.0 software (SPSS Japan Inc.; Tokyo, Japan). Deviation from Hardy-Weinberg equilibrium (HWE) was tested in healthy subjects using χ 2 tests for 'goodness of fit' using SNPAlyze V5.1.1 Pro software (DYNACOM; Yokohama, Japan). No deviation from HWE in the examined SNP was detected in the healthy subjects (p > 0.05).
As there were a few individuals with the A/A homozygote genotype (2.4%) in the personality trait analysis, we divided the participants into two groups: individuals with C/C genotype and A-carriers. To control for confounding factors, the effects of the NAT8L genotype on the RD personality trait were analysed by one-way analysis of covariance (ANCOVA), with age, sex and educational years as covariates. The significance level for statistical tests was set at p < 0.05 (two-tailed).
Results
Identification of AP-2 complex components as NAT8L -binding proteins by GST pull-down
To clarify the function of NAT8L, we identified NAT8L-binding proteins by GST pull-down. GST-His and GST-NAT8L-His proteins were expressed and purified from E. coli (Fig. 1a) . They were independently incubated with lysates of mouse brain, and the proteins that bound to GST-His or GST-NAT8L-His were separated by SDS-PAGE (Fig. 1b) . As shown in lane 3, several proteins co-precipitated specifically with GST-NAT8L-His. To identify these proteins, the protein bands were excised from the gel and subjected to trypsin digestion, followed by mass spectrometry. Table 1 Table one shows the results of the experiment. Interestingly, three of the four components of the AP-2 complex, which consists of α, β, σ and μ adaptin, were identified; with only the σ subunit not detected. The AP-2 complex plays an important role in clathrin-dependent endocytosis. The association between NAT8L and the AP-2 complex was confirmed by immunoblotting using the GST pull-down samples ( Fig. 1c) and by immunoprecipitation using exogenous COS7-expressed FLAG tag-fused NAT8L (FLAG-NAT8L) (Fig. 1d) . Moreover, we examined protein localization in the FLAG-NAT8L-expressing COS7 cells by double immunostaining for NAT8L and AP-2 complex α subunits (Fig. 1e ). NAT8L showed, primarily, a net-like distribution in cells. As the arrowheads indicate, NAT8L was co-localized with AP-2α in vesicle-like structures around the nucleus. Additionally, NAT8L was also co-localized with endoplasmic reticulum (ER)-marker protein disulfide isomerase (PDI) in the perinuclear vesicle like structure, but not in the web-like distribution (Fig. 1f) . These results suggest that NAT8L associates with the AP-2 complex. Deletion of the Nat8l gene increases dopamine D1 receptor on the cell surface in vivo, leading to enhanced basal locomotor activity and sensitivity to D1 receptor agonist AP-2 is a multimeric protein complex that functions on the plasma membrane to internalize cargo during clathrin-mediated endocytosis. The role of endocytotic mechanisms on receptor desensitization and resensitization are well known (Sorkin and von Zastrow, 2009 ). Thus, we hypothesized that NAT8L might control the localization of dopamine D1 receptor to the cell surface, thereby mitigating METH-induced behavioural deficits, because D1 receptor in the NAc is strongly linked to drug dependence. As a piece of the evidence, D1 antagonists administered systemically or intraaccumbally, block cocaine-elicited CPP, while dopamine D2 antagonists fail to influence place preference induced by cocaine (Spyraki et al., 1982; Cervo and Samanin, 1996; Baker et al., 1998) . To investigate this hypothesis, we quantified cell-surface dopamine D1 receptor levels in the NAc of Nat8l KO mice using the biotinylation method. As a result, we found that D1 receptor level on the cell surface was increased in Nat8l KO mice compared with WT animals (Fig. 2a, b) . Next, to evaluate the effect of this increase in dopamine receptor on behaviour, we assessed locomotor activity in Nat8l KO mice. Basal locomotor activity in Nat8l KO mice was increased significantly compared with WT animals (Fig. 2c, d) .
Moreover, after treatment with the D1 agonist SKF81927 (Fig. 2e, f) , locomotor activity in Nat8l KO mice was significantly enhanced compared with WT animals, suggesting enhanced sensitivity to D1 agonist. These results indicate that deletion of NAT8L might impair the localization of dopamine D1 receptor probably via the AP-2 complex, consequently increasing receptor density on the cell surface in the NAc, leading to enhanced sensitivity to D1 agonist.
METH-induced sensitization and CPP are enhanced in Nat8l KO mice
The enhanced sensitivity to dopamine is likely to worsen METH dependence in Nat8l KO mice. To assess the effect of the gene deletion on drug dependence, we examined METH-induced behavioural sensitization and CPP in these mice. Repeated METH administration leads to a progressive augmentation of many behavioural effects of the drug (behavioural sensitization). Sensitization is of interest as a model for drug-induced neuroplasticity in neuronal circuits, which plays an important role in addiction. In rodents, sensitization is observed as a progressive augmentation of locomotor activity that may be related to an increase in the incentive to obtain drugs (Robinson and Berridge, 1993) . On day one, acute METH administration at a low dose of 0.3 mg/kg induced enhanced hyperlocomotion in Nat8l KO mice compared with WT animals (Fig. 3a) . Repeated METH treatment for five days produced behavioural sensitization. Although both WT and KO mice showed sensitization to METH on the fifth day, the Nat8l KO mice exhibited potentiated METH-induced hyperlocomotion and sensitization compared with WT animals. Furthermore, the sensitization was observed after a 5-d METH withdrawal period on the tenth day following a challenge dose of METH (0.3 mg/kg). Nat8l KO mice showed a marked potentiation of METH-induced sensitization on day ten compared with WT animals. Next we examined the effect of Nat8l KO on METH-induced CPP using the place-conditioning paradigm, which assesses the preference for an environment that has been associated with reward; in this case METH treatment. In the pre-conditioning test, there was no significant change in the pre-value among each group (Fig. 3b) . As shown in Fig. 3c , METH treatment elicited place preference in mice. In Nat8l KO mice, the development of METH-induced CPP was higher compared with WT animals. These results also indicate that NAT8L has an inhibitory effect on METH-induced hyperlocomotion, sensitization and CPP consistent with our previous report (Niwa et al., 2007) .
Recently, NAT8L has been reported to be an aspartate N-acetyltransferase that synthesizes N-acetyl aspartate (NAA) from aspartate and acetyl-CoA (Ariyannur et al., 2010; Wiame et al., 2010) . To investigate the possibility that NAA synthesized by NAT8L has an inhibitory effect on METH dependence, we quantified NAA in the brain of WT mice 24 h after METH treatment (1 or 2 mg/kg) for 6 d. We found that NAA was not increased after repeated METH treatment (Fig. 3c) , although our previous report showed that expression of Nat8l mRNA in the NAc is increased by repeated METH treatment (6 d) and maintained at a high level 24 h later (Niwa et al., 2007) . Our present results suggest that the inhibitory effect of NAT8L on drug dependence is independent of NAA.
Impact of NAT8L genotype on reward dependence (RD) and caudate nucleus volume RD, a personality trait, is a tendency to respond markedly to reward signals (Cloninger, 1986) . We examined a possible association between a tagging SNP (rs11248082) covering the NAT8L gene and flanking regions and the RD personality trait in healthy subjects. Demographic variables, age, sex and years of education were not significantly different between the genotypic groups (Supplementary Table S1 ). We found a significant effect on the genotype on RD (F (1,289) = 5.80, p = 0.017). Subjects with the A allele scored higher for RD than those with the C/C genotype; 16.8 ± 3.4 vs. 15.8 ± 3.6 (mean±S.D.), respectively (Fig. 4b) . It has been suggested that rewarddependent modulation of neuronal activity occurs in the primate caudate nucleus (Hikosaka et al., 2006) , and that the computational processes underlying forward planning are mediated by the human anterior caudate nucleus (Wunderlich et al., 2012) . Because the caudate nucleus is associated with the reward system in the primate brain, we investigated the effect of the NAT8L genotype on caudate nucleus volume in healthy subjects. Demographic variables, age, sex, years of education, estimated premorbid IQ, handedness and total grey matter volume were not significantly different between the genotypic groups (Supplementary Table S2 ). We found a significant effect of genotype on grey matter volume in the right caudate nucleus (T 260 = 3.78, uncorrected p < 0.001; Talairach coordinates: 10, 19, -5; 133 voxels; Fig. 4c ). The effect of genotype on the brain region survived after FWE-correction for multiple tests (FWE-corrected p = 0.040). Subjects with the A allele, who scored high for RD, exhibited a larger right caudate grey matter volume than those with the C/C genotype. No region of the caudate nucleus was significantly smaller in subjects with the A allele compared with those with the C/C genotype (uncorrected p > 0.001). These results suggest that the NAT8L gene is linked to the RD personality trait as well as caudate nucleus volume in vivo. 
Discussion
In this report, to clarify the functions of NAT8L, we first identified NAT8L-binding proteins using GST pull-down assay. We identified three of the four components of the AP-2 complex with this assay (Fig. 1b and Table 1 ). The AP-2 complex is a key constituent of clathrin-coated endocytic vesicles (Slepnev and De Camilli, 2000) . The α subunit of the AP-2 complex binds to PIP 2 , allowing the localization of the complex to the plasma membrane, whereas the β subunit binds to the clathrin heavy chain. According to current models, coat assembly starts with the recruitment and oligomerization of the AP-2 complex, and is followed by the recruitment of clathrin. As the coat expands through the addition of new subunits, the membrane acquires a more pronounced curvature until a deeply invaginated coated pit forms. The coated pit then undergoes fission to generate a free clathrin-coated vesicle (Schmid, 1997) . If NAT8L is indeed associated with the AP-2 complex, the colocalization of NAT8L with the AP-2 complex in vesicle-like structures is to be expected, as we found in this study (Fig. 1e) . Furthermore, a recent study reported that NAT8L is anchored to the ER membrane via its highly hydrophobic domain (Tahay et al., 2012) , which is consistent with our result (Fig. 1f) . These findings also suggest that an association between NAT8L and AP-2 complex on the membrane is likely.
It is well known that some receptors can be desensitized by internalization via clathrin-dependent endocytosis following activation by agonists (Ferguson, 2001; Wolfe and Trejo, 2007; Hanyaloglu and von Zastrow, 2008) . For example, D1 receptor expressed on the surface of dopaminoceptive neurons can undergo regulated internalization and sequestration in the cytoplasm after activation (Dumartin et al., 1998; Bartlett et al., 2005) . In the present study, we demonstrate that D1 receptor on the cell surface is increased in Nat8l KO mice compared with WT animals (Fig. 2a, b) . Moreover, basal locomotor activity and the behavioural responsiveness to D1 agonist in Nat8l KO mice were increased significantly compared with WT animals (Fig. 2c-f) . These results suggest that NAT8L might regulate the localization of D1 receptor via an association with the AP-2 complex. Moreover, we found that METH-induced sensitization and CPP are enhanced in Nat8l KO mice (Fig. 3a, b) . There is strong physiological and pharmacological evidence that mesolimbic dopamine transmission is crucial to the expression of behavioural sensitization. Most notably, exposure and withdrawal from psychostimulants induce hypersensitivity to D1 receptor in the NAc (Mayfield et al., 1992; Unterwald et al., 1994; Henry and White, 1995; Henry et al., 1998) . The time-course of the D1 receptor-mediated hypersensitivity response in postsynaptic NAc neurons parallels the appearance of behavioural sensitization. D1-like dopamine receptor antagonist attenuates the expression of behavioural sensitization (Henry et al., 1998; Mattingly et al., 1998) . These observations are consistent with our results that Nat8l KO mice display hypersensitivity to D1 receptor before repeated treatment with METH, and have enhanced sensitivity to the drug. The localization of D1 receptor to cell surface via the AP-2 complex is a likely defensive mechanism against the acute effect of METH (Gainetdinov et al., 2004) . Thus, the impairment of receptor localization resulting from deletion of the Nat8l gene might enhance sensitivity to acute METH administration. Furthermore, as mentioned above, CPP induced by psychostimulants is strongly linked to sensitivity to D1 receptor in the NAc. D1 antagonists, but not D2, administered systemically or intra-accumbally block cocaine-elicited CPP (Spyraki et al., 1982; Cervo and Samanin, 1996; Baker et al., 1998) . In contrast, i.p-or intra-accumbally-administered D1 agonist produces place preference (Abrahams et al., 1998) . Collectively, the evidence suggests that dopaminergic mechanisms critically mediate cocaine-induced CPP. Therefore, the enhanced CPP induced by METH observed in Nat8l KO mice might be due to high D1 receptor sensitivity caused by enhanced localization to the cell membrane in the NAc. In future studies, we will perform receptor-binding assay using radioisotopes and obtain more reliable information about D1 receptor level on cell surfaces in Nat8l KO mice. We also found that METH does not induce NAA synthesis (Fig. 3c) in spite of increased expression of Nat8l mRNA 24 h after the 6-d METH treatment period, as shown in our previous study (Niwa et al., 2007) . NAA is most likely present at relatively high levels in the normal brain, at almost saturated levels. Thus, as we show here, NAT8L inhibits METH dependence through a mechanism independent of NAA.
Another intriguing finding of this study is that tubulins were also identified as NAT8L-binding proteins (Table 1 ). This result is strongly supported by the finding that NAT8L exhibits a microtubule web-like distribution in cells, as shown in Fig. 1e . In fact, we recently reported that NAT8L was associated with tubulins, and consequently stabilized microtubule structure (Toriumi et al., 2013) . Hence, there is a possibility that deletion of NAT8L might destabilize microtubules and impair vesicle transport along microtubules, leading to down-regulation of cell-surface receptors, which seems to be inconsistent with the result in the present study. However, a study reported that mice deficient in stable tubule only peptides (STOPs), which are microtubule-associated proteins that bind to microtubules and regulate stability similarly to NAT8L, showed no difference in dopamine D1 receptors in the NAc, although D2 and D3 receptors were decreased (Bouvrais-Veret et al., 2008) . This finding suggests that the microtubule stabilization does not necessarily lead to GPCR down-regulation. Therefore, the result that D1 receptor on the cell surface increased in the NAc doesn't conflict with microtubule destabilization by deletion of NAT8L.
Moreover, a number of other proteins identified in this study are only related to gene expression. FUS and hnRNPD0 are involved in mRNA translocation, processing and stabilization (Crozat et al., 1993; Dean et al., 2004) . eEF1A and DRG1 regulate translation through the delivery of aminoacyl-tRNAs to the ribosome and the activation of the 60S ribosomal subunit, respectively (Lo et al., 2010; Mateyak and Kinzy, 2010) . In a previous report, we demonstrated that after METH treatment, NAT8L induced TNF-α expression, which has an inhibitory effect on METH-induced behavioural deficits (Niwa et al., 2008) . Therefore, NAT8L might be associated with the expression of specific genes, such as TNF-α, functioning with these factors in a cooperative manner.
We found a SNP in the human NAT8L gene correlated with RD. (Fig. 4a, b) . Individuals with a low RD score are known to display personal independence and objectivity, not biased by the need to please others. They also exhibit social withdrawal, detachment and coldness in social attitudes (Cloninger, 1987) . It is notable that the extent of social detachment among these personality traits has been reported to correlate strongly with D2 receptor density on the cell surface in the putamen (Farde et al., 1997) . NAT8L might be involved in a detached personality via the control of dopamine receptor localization to the cell membrane. Moreover, RD score is also strongly linked to addictive behaviour. For example, RD score has been reported to be related to substance use, Internet addiction and excessive Internet video game play in adolescents (Ko et al., 2006; Han et al., 2007) . Pathological gamblers who show incessant and repetitive gambling behaviours have been associated with high RD scores (Cohen et al., 2009) . Furthermore, the likelihood of becoming a smoker has also been linked to RD (Pomerleau et al., 1992) . These results suggest that NAT8L might define human personality, at least partially, consequently affecting drug addiction.
Moreover, we found that subjects with the A allele (with a high RD score) had a larger right caudate grey matter volume than those with the C/C genotype (Fig. 4c) . This finding is supported by an intriguing report, which showed that, compared with healthy volunteers cocaine users have significantly increased grey matter volume in subcortical structures, including the caudate nucleus (Ersche et al., 2011) . Furthermore, a fMRI study demonstrated that the right ventral striatum, including the caudate nucleus, of pathological gamble addicts in a gambling task was reported to show lower activation compared with healthy control (Reuter et al., 2005) , suggesting a possibility that right caudate nucleus might be more strongly associated with tendency to dependency than a left one. Thus, the enlarged right caudate nucleus in the A allele career might be involved in the high RD score, although further experiments will be needed in order to find out why the grey matter volume changes only in the right caudate nucleus and not in both hemispheres.
We speculate that both caudate nucleus and NAc is impaired in both subjects with A allele and Nat8l KO mice. In humans, although the SNP in NAT8L affects the grey matter volume only in the caudate nucleus, functional differences might be found in both the caudate nucleus and NAc. It is because reward function of drugs and gambling is strongly linked to not only the caudate nucleus but also NAc, as reported by many previous studies. Furthermore, the increased localization of D1 receptor to the cell surface is found not only in the NAc but also in the striatum in Nat8l KO mice. This is because the dopamine neuron is projected in the striatum, similar to NAc, and Nat8l expression also increased in the striatum by METH treatment (Niwa et al., 2007) . In order to clarify these points, measurement of neural activity using fMRI in humans, quantification of the grey matter volume of the striatum in Nat8l KO mice and evaluation of dopamine D1 receptor on the cell surface in the striatum would be required.
The SNP rs11248082 in the NAT8L gene is in the 3′ UTR, and does not result in a change in amino acid sequence. Although we could not identify the function of the SNP in the NAT8L gene, we found that the SNP affects the association between the DNA region adjacent to the SNP and a number of transcription factors, including upstream transcription factor (USF) and v-Maf, by in silico analysis (Match-1.0; http://www.gene-regulation. com/pub/programs.html). The changes in binding to these factors might influence the expression level of NAT8L, leading to changes in RD score and grey matter volume in the caudate nucleus.
In conclusion, we identified a novel function of NAT8L, showing that NAT8L is associated with the AP-2 complex and regulates the localization of dopamine D1 receptor to the cell surface, resulting in an inhibitory effect on METH dependence. Furthermore, we found a SNP in the human NAT8L gene related to the RD personality trait and caudate nucleus grey matter volume.
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